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FOREWORD 


This  Interim  Report  wee  prepared  by  Electro-Optical  Systems,  Inc., 
Paaadena,  California,  to  summarize  the  results  of  the  first  half  of 
Phase  III  of  Contrsct  AF  33  (6  1  5) -15 79 ,  Project  No.  314101.  This  report 
covers  work  accomplished  during  the  period  1  April  through  31  December 
1966.  The  contractor's  number  for  this  report  is  EOS  5090-IR-3.  The 
report  authors  are  G.  L.  Cann,  S.  T.  Nelson,  R.  L.  Harder,  and  C.  B. 
Shepard,  Jr. 

This  research  contract  is  funded  by  the  Aero  Propulsion  Laboratory 
of  the  Air  Force  Research  and  Technology  Division.  The  program  is 
monitored  in  the  Electric  Propulsion  Technology  Section  of  the  Aero 
Propulsion  Laboratory  by  Lt.  David  O'Brien. 

The  authors  gratefully  acknowledge  the  contributions  of  C.  H. 
Giltner,  S.  M.  Snider,  J.  S.  Crepeau,  C.  M.  Halns,  E.  G.  Doty  and 
A.  C.  Mac  iocs. 
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ABSTRACT 


The  MPD  arcjet  program  at  EOS  ia  aimed  at  developing  the  tech¬ 
nology  of  electric  thrustors  capable  of  performing  efficiently  (40- 
60%  conversion  of  electrical  power  to  beam  power)  for  extended  periods 
of  time  (up  to  100  hours)  in  the  specific  Impulse  range  of  1500-5000 
seconds,  at  power  levels  of  10-100  kilowatts.  This  program  is  based 
upon  the  optimization  of  an  ax  1  symmetric  Hall  current  accelerator  using 
a  low  molecular  weight  alkali  metal  for  propellant.  Out  of  the  ana¬ 
lytical  and  experimental  atudlea  during  the  reporting  period  has  arisen 
the  concept  for  a  particular  mode  of  operation  of  a  thrustor  of  thla 
type,  designated  ALPHA  (ALkali  Plasma  £all  Accelerator),  one  of  the 
principal  features  of  which  is  that  most  of  the  beam  current  la  carried 
by  ions  rather  than  electrons.  Although  the  theory  of  such  devices  is 
still  incomplete,  much  progress  has  been  made  in  gaining  a  deeper  under¬ 
standing  of  the  interrelated  procesaes  which  occur  in  the  thrustor.  The 
analytical  results  are  presented  for  each  of  the  significant  mechanisms. 
Progress  in  the  experimental  portion  of  the  program  has  Included  the 
following: 

1.  The  thrustor  has  been  operated  continuously  for  100  hours 
with  no  significant  electrode  erosion. 

2.  A  novel  gas-actuated  feed  system  which  had  been  designed 
during  the  previous  reporting  period  was  fabricated,  tested 
and  calibrated.  Because  of  difficulties  which  were  en¬ 
countered  (especially  leakage  at  the  anode- vaporiser  Joint), 
several  refinements  in  the  design  were  required.  This  in¬ 
volved  a  painstaking  process  which  accounted  for  a  substan¬ 
tial  portion  of  the  experimental  effort. 

3.  Test  runs  were  made  using  ammonia  as  propellant.  Results 
were  inconclusive,  but  the  poor  performance  obtained  appears 
to  indicate  that  the  ALPHA  works  better  with  lithium  (for 
which  it  is  specifically  designed). 

4.  Tests  with  a  three-magnet  configuration  resulted  in  perform¬ 
ance  Inferior  to  that  obtained  with  the  two-magnet  thrustor. 
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1.  INTRODUCTION 

An  exploratory  research  program  into  steady-state  plasma  thrustor 
technology  has  been  in  progress  at  EOS  over  the  past  32  months.  The 
aim  of  the  research  is  to  build  an  accelerator  capable  of  performing 
efficiently  (40-60%  conversion  of  electrical  power  to  beam  power)  for 
extended  periods  of  time  (up  to  100  hours)  in  the  specific  impulse 
range  of  1500  to  5000  sec,  at  power  levels  of  10-100  kilowatts. 

The  two  main  features  of  the  program  are: 

1.  The  use  of  a  low  molecular  weight  alkali  metal  for 
propellant. 

2.  The  development  and  optimization  of  an  axlsymmetric  Hall 
current  accelerator. 

Lithium  has  been  used  in  the  majority  of  the  studies  conducted  to 
date  and  considerable  progress  has  been  made  in  developing  the  neces¬ 
sary  technology  for  carrying  out  laboratory  experiments.  Similarly, 
by  a  combination  of  theory  and  experiment  a  reliable  and  efficient 
plasma  accelerator  has  been  developed.  Information  concerning  these 
investigations  can  be  found  in  Refs.  1-4.  A  reasonable  amount  of  de¬ 
tailed  diagnostics  has  also  been  conducted  on  the  plasma  in  the  ex¬ 
haust  beam.  This  work  was  supported  by  NASA-Lewis  Research  Center 
under  Contract  NAS3-8902.  The  results  of  these  tests  are  reported  in 
Refs.  5  and  6. 

During  the  investigation  into  techniques  for  improving  engine 
performance  many  configurations  of  electrode-  and  magnet-assemblies 
were  tested.  In  most  instances,  due  to  analytical  complexities  intro¬ 
duced  by  geometric  requirements  as  well  as  the  concurrence  of  inter¬ 
related  physical  processes,  it  was  not  possible  to  base  the  design  of 
particular  components  on  any  but  the  most  elementary  calculations. 


Inevitably,  this  cssultsd  in  a  step-wise  approach  to  optimum  design 
punctuated  by  structural  failures  under  repeated  testing.  This  occurred 
especially  in  the  anode-vaporizer  system  (see  Sections  3  and  4).  Hav¬ 
ing  now  found  a  configuration  that  shows  substantial  promise,  the  task 
of  increasing  performance  and  lifetime  has  assumed  some  urgency.  Much 
of  the  technical  effort  discussed  in  the  present  report  concerns  this 
problcsi. 

The  bellows  feed  system  which  was  used  in  most  of  the  tests  con¬ 
ducted  during  the  first  two-year  period  has  been  found  unsatisfactory 
for  testing  over  extended  periods.  The  development  of  a  vapor  feed 
systeai  which  will  allow  uninterrupted  testing  for  hundreds  of  hours 
has  been  another  major  concern  during  the  period  covered  by  this  report. 
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2.  SUMMARY 

During  the  reporting  period  the  experimental  and  analytical  effort 
included  the  following: 

1.  The  operating  lifetime  of  the  thruator  was  successfully 
extended  to  100  hours  of  continuous  operation  with  no  sig¬ 
nificant  electrode  erosion.  Several  test  runs  were  made 
before  this  major  milestone  was  achieved,  each  test  leading 
to  further  refinements  of  the  thrustor  design.  The  measured 
data  for  each  test  are  presented  in  the  form  of  histograms 
and  performance  plots. 

2.  The  gas-actuated  feed  system,  which  had  been  designed  in  the 
previous  reporting  period  to  replace  the  bellows-type  system 
then  in  use,  was  fabricated,  tested  and  calibrated.  Several 
difficulties  were  encountered,  the  most  serious  being  that 
of  obtaining  a  leak-tight  seal  between  the  tungsten  anode 
and  the  molybdenum  vaporizer.  Other  problems  included  the 
tendency  for  radial  cracks  to  develop  in  the  anode  each  time 
a  new  one  was  brought  up  to  operating  temperature  for  the 
first  time  and  inability  to  maintain  sufficiently  high  tem¬ 
peratures  in  the  vaporizer,  resulting  in  a  severe  limitation 
upon  the  maximum  lithium  mass  flow  rate.  This  third  problem 
has  not  yet  been  completely  solved.  However,  a  modified 
anode-vaporizer  designed  specifically  to  produce  higher  tem¬ 
peratures  in  the  vaporizer  is  presently  in  fabrication  and 

is  scheduled  for  testing  in  the  near  future.  The  other  prob¬ 
lems  have  been  effectively  overcome.  The  process  of  refining 
the  design  and  fabrication  technique  for  the  anode-vaporizer 
so  as  to  insure  a  leak-tight  joint  was  so  recalcitrant  that 
much  of  the  experimental  effort  and  most  of  the  delays  experi¬ 
enced  during  the  reporting  period  were  due  to  this  problem. 
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3.  Two  tests  were  made  in  which  ammonia  was  used,  both  as  the 
primary  propellant  and  as  the  buffering  gas.  This  necessi¬ 
tated  the  development  of  a  separate  gettering  system  in  order 
to  maintain  a  sufficiently  low  vacuum  chamber  pressure.  The 
system  consisted  of  two  small  lithium  boilers  situated  on  the 
floor  of  the  vacuum  chamber  during  ammonia  runs.  The  thrustor 
performance  obtained  with  ammonia  was  very  poor.  The  minimum 
P/T  was  about  1000  kW/lb,  the  maximum  thermal  efficiency  was 
34%,  and  the  maximum  thrust  and  overall  efficiencies  were 
4.5%  and  3.5%,  respectively.  Although  these  results  are  in¬ 
conclusive,  they  do  indlcste  that  the  thrustor  operates  better 
with  lithium  propellant  (for  which  it  was  specifically  de¬ 
signed)  than  with  ammonia.  It  is  therefore  perhaps  not  sur¬ 
prising  that  the  relatively  high  performance  achieved  with 
lithium  has  not  been  duplicated  by  thrustors  whose  design 
differs  markedly  from  the  configuration  painstakingly  de¬ 
veloped  for  this  purpose. 

4.  Tests  of  a  thrustor  using  three  magnets  were  performed  in  an 
attempt  to  verify  a  prediction  that  by  adding  a  third  magnet 
downstream  of  the  two  existing  colls,  a  higher  voltage  could 
be  supported  and  the  currents  would  extend  further  downstream, 
thereby  giving  better  efficiency.  However,  no  significant 
increase  in  performance  was  observed. 

5.  Analysis  of  the  thrust-producing  mechanisms  was  extended  to 
the  case  of  electrostatic  acceleration  of  ions  through  the 
agency  of  electrons  trapped  in  the  magnetic  field.  This 
particular  mechanism  occurs  in  the  less  dense  volumes  and 
the  analysis  mist  be  combined  with  the  heating  and  expansion 
through  a  magnetic  nozzle  to  give  a  complete  picture  of  the 
acceleration  process  over  a  wide  range  of  operating  conditions. 
Analysis  of  the  ionization  process  shows  that  the  occurrence 
of  volume  ionization  near  the  anode  by  energetic  electrons 
predicts  that  the  anode  power  loss  must  be  nearly  equal  to 

the  product  of  the  ionization  potential  and  the  current. 


5090-IR-3 


4 


D 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

D 

D 

0 

0 

D 


3.  FEED  SYSTEM  DESIGN,  FABRICATION  AND  CALIBRATION 

3. 1  Design  and  Fabrication 

Initial  tests  to  evaluate  the  gas-actuated  feed  system  (GAF) 
utilized  a  large  stainless  steel  propellant  reservoir  (see  Fig.  1). 

This  can  was  suspended  from  the  balance  and  piped  into  the  lower 
vaporizer  joint,  using  an  expandable  bellows  to  accommodate  thermal 
expansion.  The  entire  assembly  was  covered  with  high- temperature 
insulating  cement  to  afford  thermal  and  electrical  insulation.  A 
small,  lightweight  feed  reservoir  (shown  in  Fig.  2)  was  designed  and 
fabricated  for  the  GAF  feed  system  calibration  tests.  Low  tare  weight 
is  essential  for  accurate  mass  flow  rate  determinations  because  the 
amount  of  lithium  expended  during  a  test  of  reasonable  duration  is 
necessarily  small.  Insulating  material  and  cement  were  not  used  to 
cover  the  reservoir  since  some  unknown  quantity  of  these  materials 
would  be  lost  during  handling  and  testing. 

The  final  reservoir  design,  illustrated  in  Fig.  3,  is  a  thin- 
walled  can  of  304  stainless  steel,  with  external  sheathed  heaters,  a 
flanged  and  heated  top  plate,  and  direct -insert ion  thermocouple  for 
propellant  temperature  measurement.  The  disconnectable  joints  have 
specially  designed  hollow  metal  0-ring  seals  at  the  large  joints,  and 
stainless  steel  "Swageloks"  for  gas  and  filling  lines.  Only  the  former 
is  satisfactory  for  the  high  temperatures  encountered  near  the  vapor¬ 
izer  joint. 

3.2  Calibration 

Run  727  (Figs.  4-9)  constituted  the  second  successful  test 
of  the  gas  pressure-type  feed  system.  Near  the  start  of  this  run 
relatively  low  thrust  and  poor  performance  were  obtained.  This  led  to 
excessive  engine  heating  and  the  burning  of  some  Insulator  material. 
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From  visual  observations  as  well  as  from  the  voltage  and  thrust 
behavior*  it  waa  concluded  that  the  actual  propellant  mass  flow  rate 
must  be  less  than  half  the  preset  value  of  14  mg/ sec.  The  argon 
driver  pressure  corresponding  to  this  flow  rate  was  calculated  from 
isentropic  theory  assuming  y  ■  1.67  and  a  value  for  the  discharge 
coefficient  of  the  metering  orifice  which  was  independently  measured 
by  a  cold  gas  calibration  using  argon  (see  Fig.  10).  The  discrepancy 
between  the  isentropic  prediction  and  the  actual  flow  rate  obtained 
during  the  run  (as  indicated  by  correlation  with  past  experience  in 
operating  thrustors  at  various  feed  rates)  pointed  up  the  need  for  a 
separate  series  of  calibration  runs.  In  addition  to  actually  measur¬ 
ing  mass  flow  rate  as  a  function  of  driver  gas  pressure,  an  attempt 
was  made  to  Improve  the  correlation  between  theory  and  experiment  by 
refining  the  simple  analysis.  By  taking  into  account  three  hitherto 
neglected  effects,  viz.,  friction,  heat  addition  and  variation  of  y 
with  temperature  and  pressure,  a  much  closer,  although  still  Imperfect, 
agreement  was  obtained. 

In  order  to  calibrate  the  lithium  feed  system  in  a  manner 
which  simulates  as  closely  as  possible  the  actual  conditions  during  a 
typical  thrustor  test,  it  was  decided  to  heat  the  vaporizer  by  conduc¬ 
tion  from  a  hot  anode.  Three  methods  of  heating  the  anode  were  con¬ 
sidered,  viz.,  electrical  resistance,  rf  induction,  and  arc-heating. 

The  first  method  would  have  necessitated  fabrication  and  mounting  of 
carefully  designed  graphite  blocks  in  which  the  anode  would  be  embedded. 
This  would  have  required  a  separate  engineering  program  of  its  own  in 
order  to  insure  proper  current  distribution  in  these  blocks  and  at  the 
same  time  to  allow  for  thermal  expansion  at  the  graphite- tungsten  inter¬ 
face.  Hence  this  approach  was  considered  impractical.  On  the  other 
hand,  rf  induction  heating  was  discarded  because  the  only  equipment  at 
EOS  capable  of  doing  the  job  was  not  portable ,  the  available  vacuum 
facility  was  marginal,  and  scheduling  problems  were  anticipated.  It 
was  therefore  decided  to  do  the  feed  system  calibration  tests  with  an 
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actual  thruator,  but  without  its  second  (downstream)  magnet.  The 
three-foot  diameter  vacuum  chamber  was  uaed  so  as  not  to  interfere 
with  work  which  was  in  progress  involving  modification  of  the  lid  of 
the  6  foot  x  14  foot  chamber. 

A  amall  (400-gram  capacity)  stainless  steel  lithium  reser¬ 
voir  was  fabricated  for  the  calibration  runs.  This  was  done  to  permit 
before-and-after  weighing  of  the  entire  feed  system  on  a  balance  of 
sufficient  accuracy.  Of  the  seven  runs  made,  four  yielded  reliable 
data  (points  A,  B,  F  and  E  in  Fig.  10).  During  Run  C  there  was  suffi¬ 
cient  deposition  of  lithium  between  the  graphite  radiator  and  the 
magnet  housing  to  bridge  the  gap.  The  heat  conduction  path  thus  cre¬ 
ated  resulted  in  rapid  cooling  of  the  anode  so  that  flooding  occurred 
and  it  was  impossible  to  obtain  an  accurate  measurement  of  the  lithium 
consumption.  The  anode  was  badly  cracked  during  this  run  and  several 
attempts  to  braze  a  new  anode  to  the  old  vaporizer  proved  unsuccessful 
due  to  leakage  at  the  joint.  These  difficulties  necessitated  several 
design  changes  in  the  anode-vaporizer  assembly  (see  Section  4)  and  was 
responsible  for  most  of  the  delay  in  completing  the  calibration  run 
series. 

Run  D  failed  to  yield  useful  data  because  the  anode  taoqper- 
ature  could  not  be  continuously  maintained  at  a  sufficiently  high  value 
to  vaporize  all  of  the  lithium  flow  fed  at  350  torr.  The  final  run  (G) 
was  an  attempt  to  obtain  a  point  at  600  torr.  In  order  to  keep  the 
vaporizer  hot  enough  it  was  necessary  to  use  very  high  current  (550 
amp) .  Operation  at  such  high  temperature  apparently  deteriorated  tha 
braze  joint  between  the  anode  and  vaporizer  sufficiently  to  permit 
some  lithium  leakage,  particularly  at  the  relatively  high  feed  pres¬ 
sure.  Nevertheless ,  the  four  good  runs  provided  enough  data  to  plot 
the  curve  of  measured  m  versus  pressure  shown  in  Fig.  10.  Excluding 
those  points  obtained  during  runs  when  the  vaporizer  was  leaky  or  too 
cold,  it  is  seen  that  only  the  500  torr  point  (E)  falls  to  lie  on  a 
straight  line  intersecting  the  origin.  The  remarkable  absence  of 
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scatter  of  the  three  other  point*  (A.  B  and  F)  and  their  consistency 
with  tha  point  (0,  0)  probably  indicate  that  the  value  of  m  measured 
at  500  torr  was  slightly  low  because  of  inadequate  vaporizer  tempera¬ 
ture  during  one  or  more  short  periods  in  that  run,  rather  than  any 
real  flow  rate  anomaly. 

Tha  next  problem  was  to  try  to  explain  the  experimental  re¬ 
sults  analytically,  since  it  was  felt  that  a  clear  understanding  of 
the  physical  processes  would  be  a  prerequisite  for  possible  future 
design  changes  in  the  vaporizer.  Apart  from  replacing  the  oversimpli¬ 
fied  assuaq>tlon  that  y  *  5/3  by  a  variable  y  -  y(p>  T) ,  the  only  way 
in  which  tha  following  analysis  differs  from  straightforward  isentroplc 
calculations  is  that  it  takes  into  account  the  fact  that  the  sonic 
"orifice"  is  in  reality  more  like  a  channel  in  which  friction  and  heat 
addition  have  great  Influence  on  the  choked  flow.  The  geometry  and 
other  assuaq>tions  of  this  analysis  arc  shown  in  Fig.  11. 

The  energy  balance  at  station  1  Is: 


1  +  ^!i 

2  Y-l  f>x 

and  at  the  sonic  condition  it  IS 

w»2  .  Y  P* 

2  Y-l  P* 

Making  use  of  the  general  relation 

1  wA 


+  Ah 


we  can  solve  Eq.  1  for  p^  to  obtain 


4_  2hl  -  “t 

Y  A,  2w, 
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Since 


v* 


yrt* 


*  .  YP*^A1 


P* 


(5) 


we  have 


mw* 


YA, 


(6) 


and  we  can  solve  Eq.  2  for  w*  : 


w*‘  ■  2  ^77  (h7  +  Ah) 


o 

Y+l  ',ll 


(7) 


Assuming  that  the  velocity  distribution  between  stations  1  and  *  is 
parabolic,  we  can  write 

2w 


R, 


(8) 


wall  "1 

where  w  is  the  velocity  on  the  axis  of  symmetry.  Letting 


w^  +  w* 


(9) 


and 


-  Tv 


(10) 


we  have 


2w 


\3R/ 


R, 


£2  .  -2-  (w  +  «★) 
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(ID 
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Hence  the  pressure  drop  due  to  wall  friction  may  be  written 


m) 


(Ap) 


(2^1)^^.!!  4uL  . 
f  "  - 2 -  “  2  (W1  + 


w*) 


TTR 


r: 


(12) 
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Thus  vs  csn  writs  a  momentum  squat  ion  In  the  form: 


p*  +  =-v*  -  p.  + 


_  4m  L 


1  ■  A,  *1  -  “  <W1  +  •*> 


(13) 


Substituting  Eqs.  4  and  6  into  Eq.  13  ve  obtain,  after  multiplying 
both  sides  by  v^/w**  and  rearranging: 


- »  <“> 


Substituting  Eq.  7  into  Eq.  14,  rearranging  the  coefficients  and  multi¬ 
plying  both  aides  by  2y/(Y  +  1)  gives 


where 


r  -  (2-h>)w  +0-0 

(15) 

a 

V* 

(16) 

STNUL 

S(Y+iT 

(17) 

and 
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Since  W*  >  w^,  the  only  root  of  Eq.  IS  which  is  physically 

„  .  2*.  -  J(2'"Z 

For  leentropic  flow, 


Nbr-4a-b)e 

2(l-b) 
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sanlngful  is 

(19) 


My-i 


°  Kl 


*o  11 


.  ir 1 


2h. 


(20) 


5090-IR-3 


10 


‘l-  ■'  -*  *  v  *#' 


ES 


iMlkSfl 


*,  -V  * 


I  * 


I 


0 

I 

I 

1* 


/  •  .  .  7 

,  •  • 


— 


.>r'  Vavd 


% 


■PW1 


Eliminating  between  Eqs.  4  and  20  gives 


L  i! 

Y-l 

-  Xzl 
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Solving  for  m  we  obtain 


2poAlywl  (2h°  -  »2) 


y-1  (2h“)Y/<Y-1> 


But  from  Eqs.  16  and  7, 


-i  -  V2  (h° +  4h>  w 


Finally,  substituting  Eq.  23  into  Eq.  22  yields,  after  sosw  algebraic 
manipulation: 

■  ■Cm.  (24 


where  Is  the  suss  flow  rate  for  lsentroplc  flow  through  a  sonic 


orifice,  given  by 


ypda* 


(Y-l)h' 


YP  A. 


(Y-Dhi 


2(y-1) 


The  coefficient  C  is  given  by 


[(¥) • -  (¥) 
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The  result!  of  calculations  based  upon  the  foregoing 
analysis  are  plotted  in  Pig.  10.  Values  of  y  were  obtained  from 
Ref.  7.  The  temperature  dependences  of  other  lithium  properties  were 
obtained  from  Ref.  8.  It  is  seen  that  the  analysis  with  friction  and 
heat  transfer  is  in  much  better  agreement  with  measurements  than  is 

the  simple  isentropic  flow  theory.  All  of  the  remaining  discrepancy 

* 

can  be  accounted  for  by  (a)  inaccuracies  in  the  best  available  data 
on  lithium  properties,  and  (b)  the  pressure  drop  across  the  five 
parallel  channels  in  the  vaporizer  upstream  of  the  critical  orifice. 

i  • 

The  latter  is  the  larger  effect.  In  fact,  it  became  the  dominant  one 
in  tests  where  the  "long  channel"  orifice  was  replaced  by  a  more  con¬ 
ventional  one.  This  was  done  in  anode-vaporizer  assemblies  5A  and  6 
(see  Section  4)  specifically  in  order  to  more  closely  approximate 
Isentropic  flow  (as  well  as  for  the  mechanical  reasons  discussed  in 
Section  4).  Under  typical  operating  conditions,  the  pressure  drop 
across  the  entire  length  of  the  vaporizer  channels  (assuming  the 
liquid-gas  Interfaces  to  be  located  near  the  channel  inlets)  can 
amount  to  as  much  as  1/10  atm. 
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4.  ANODE -VAPORIZER  DESIGN  MODIFICATIONS 

During  the  third  phase  of  the  program  the  lithium  feed  system 
manifested  the  following  chronic  problems: 

1.  Difficulty  was  experienced  in  obtaining  a  leak-tight  joint 
between  the  anode  and  the  vaporizer. 

2.  Radial  cracks  tended  to  develop  in  the  anode  each  time  a 
new  one  was  brought  up  to  operating  temperature  for  the 
first  time. 

3.  Inability  to  maintain  sufficiently  high  temperatures  in  the 
vaporizer  resulted  in  a  severe  limitation  upon  the  maximum 
lithium  mass  flow  rate. 

Highest  priority  was  assigned  to  the  solution  of  problem  (1), 
since  no  useful  data  could  be  obtained  until  the  feed  system  leaks 
were  eliminated.  On  the  other  hand,  although  problems  (2)  and  (3> 
were  quite  serious  they  did  not  require  immediate  attention  in  order 
to  proceed  with  the  program.  Once  the  excessive  thermal  stress  in  an 
anode  had  been  relieved  by  cracking,  no  further  cracks  would  develop 
and  the  anode  appeared  to  function  without  significant  performance 
degradation  in  subsequent  tests.  Furthermore,  it  was  possible  to 
temporarily  accept  the  cool-vaporizer  limitation  and  to  explore  the 
low  mass  flow  regime.  Although  flooding  sometimes  occurred  despite 
precautionary  efforts  to  keep  the  lithium  .low  rate  low  enough,  this 
still  did  not  block  further  progress,  as  did  problem  (1). 

The  steps  taken  to  achieve  a  leak-tight  seal  between  the  anode 
and  vaporizer  are  sunmarized  below.  Success  war  achieved  only  after 
several  months  of  effort  involving  design  modifications  as  well  as 
trlal-and-error  improvements  in  joining  techniques.  This  process 
represented  a  major  detour  in  the  program  and  resulted  in  delays  in 
meeting  some  of  the  forecast  milestones. 
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Anode-Vaporizer  No.  1  (Figs.  12  and  13 ,  change  1) 

Thia  assembly  vaa  used  from  Run  725  through  Run  728B,  at  which 
tlaur  a  bad  crack  developed  In  the  anode. 

Anode-Vaporizer  Ho.  2  (Figs.  12  and  13,  change  2) 

The  same  vaporizer  was  used,  but  the  anode  was  slightly  modified. 
The  previously  flat  bottom  was  changed  to  a  rounded  contour  in  order 
to  provide  a  greater  mass  of  tungsten  In  the  joint  region.  This  effort, 
however,  was  insufficient  to  prevent  further  cracking.  Moreover, 
while  performing  a  calibration  run  (728G)  at  the  relatively  high  feed 
pressure  of  600  torr,  a  leak  occurred  in  the  anode -vaporizer  braze 
joint.  Several  unsuccessful  attempts  were  made  to  seal  this  leak  by 
rerunning  the  assembly  in  the  brazing  furnace  with  various  temperature 
cycles. 

Anode-Vaporizer  No.  3  (Figs.  12  and  13,  change  3) 

The  anode  on  this  assembly  was  of  the  same  design  as  the  previous 
one,  but  the  vaporizer  was  modified  to  provide  a  larger  cross  section 
at  the  Joint  in  order  to  enhance  the  heat  conduction.  All  attempts  to 
seal  the  Joint  were  unsuccessful,  despite  the  trial  of  different  braze 
materials  as  well  as  different  furnace  cycles. 

Anode-Vaporizer  Wo.  4  (Figs.  14  and  13,  change  1) 

In  this  assembly  the  original  vaporizer  was  brazed  to  a  new  anode 
with  a  modified  Joint  configuration  embodying  the  following  features: 

1.  Deeper  insertion  of  the  vaporizer  into  the  anode. 

2.  Closer  tolerances  on  the  fit. 

3.  Flat  bottom  on  the  anode  with  a  chamfer  to  hold  the  braze 
material  in  place. 

Although  a  leak-tight  joint  was  obtained  after  the  second  furnace 
heating,  this  joint  developed  a  leak  during  an  attempted  test  run.  A 
blockage  in  the  feed  line  caused  by  the  deposition  of  a  small  amount 
of  lithium  compound  impurities  prevented  lithium  operation.  This  re¬ 
sulted  in  extraordinarily  high  temperatures  which  in  turn  caused  the 
Joint  to  leak. 
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Anode- Vaporizer  No.  5  (Pig.  15) 

The  second  vaporizer  was  electron-beam  welded  to  a  new  anode 
which  was  redesigned  specifically  for  this  type  of  welding.  However, 
troubles  were  encountered  during  the  welding  procedure  when  cracking 
developed  st  the  joint.  This  wss  probably  due  to  boiling;  out  of  thoria 
from  the  tungsten -anode. 

Anode-Vaporizer  Ho.  5A  (Pig.  16) 

It  was  determined  impractical  to  electron-beam  weld  the  molybdenum 
vaporizer  directly  into  the  thorlated  tungsten  anode,  so  both  parts 
were  modified.  In  this  version  a  small  molybdenum  disc  containing  the 
sonic  orifice  used  for  metering  the'  propellant  flow  was  electron-beam 
welded  into  the  top  of  the  molybdenum  vaporizer,  making  a  leak- tight 
seal  capable  of  withstanding  high  temperatures  without  deterioration. 
This  subassembly  was  then  brazed  into  the  anode  (in  which  the  old 
metering  orifice  had  been  machined  out) .  The  essential  feature  of  this 
design  is  that  the  braze  joint  is  no  longer  subjected  to  the  upstream 
orifice  pressure,  and,  since  metering  is  accomplished  before  lithium 
passes  by  the  anode -vaporizer  joint,  any  slight  leakage  at  this  joint 
cannot  degrade  the  accuracy  of  the  flow  rate  measurement.  This  design 
proved  satisfactory  during  a  test  run,  except  that  even  sure  heat  than 
usual  was  required  in  the  vaporizer,  which  had  the  effect  of  limiting 
the  operation  to  even  higher  arc  currents  and  lower  propellant  flow 
rates  than  in  the  past. 

Anode-Vaporizer  No.  6  (Pig.  17) 

Since  problem  (1)  (above)  appeared  to  have  been  solved,  some 
attention  could  finally  be  devoted  to  problems  (2)  and  (3).  A  new 
anode -vaporizer  assembly  was  designed  incorporating  the  features 
developed  in  Nos.  5  and  5A  as  well  as  the  following  additional  features: 

1.  Some  of  the  radiation  fins  at  the  top  of  the  vaporizer  were 
eliminated  in  order  to  achieve  higher  temperatures  in  this 
region. 

2.  A  thicker  cross  section  was  provided  on  the  anode  in  order 
to  help  minimize  the  tendency  for  radial  cracking  to  occur. 


5090-IR-3 


15 


Anode -vaporizer  6  was  aucceiafully  used  in  an  endurance  test  of 
the  engine.  This  teat  was  voluntarily  terminated  after  109  hours  of 
operation,  108  of  which  were  on  lithium  and  100  of  which  were  uninter¬ 
rupted.  At  the  end  of  this  test  the  anode -vaporizer  assembly  was 
found  to  have  undergone  no  noticeable  erosion  and  its  condition  was 
like  new  in  every  respect.  Although  problems  (1)  and  (2)  were  solved 
by  this  design,  the  cool-vaporizer  difficulty  was  not  appreciably 
helped  by  the  elimination  of  the  upper  fins.  Work  is  currently  under 
way  on  a  modified  design  aimed  at  eliminating  this  final  problem.  The 
approach  involves  increasing  the  area  of  contact  between  the  anode  and 
the  vaporizer  so  as  to  provide  a  broader  path  for  the  conduction  of 
heat  down  into  the  vaporizer.  This  design  will  be  tested  in  the  near 
future. 


5090-IR-3 


16 


8 

D 

0 

0 

0 

0 

D 

0 


5 .  AMMONIA  TESTS 

TWo  tests  were  made  In  which  ammonia  was  used,  both  as  the  primary 
propellant  and  as  the  buffering  gas.  The  thrustor  configuration  used 
for  both  tests  is  shown  in  Fig.  18.  A  schematic  diagram  of  the  ammonia 
feed  system  is  shown  in  Fig.  19.  Although  the  problem  of  feeding 
gaseous  ammonia  is  certainly  more  straightforward  than  that  of  feeding 
lithium  vapor,  there  is  one  significant  complication  in  the  use  of 
ammonia:  a  separate  gettering  system  is  required  in  order  to  maintain 
a  sufficiently  low  vacuum  chamber  pressure.  After  investigating  a 
number  of  alternate  schemes,  it  was  decided  that  lithium  would  be  a 
good  choice  as  the  gettering  agent  since  it  was  known  to  be  effective 
and  the  technology  for  handling  it  was  available.  The  simplest  way  of 
injecting  lithium  vapor  into  a  vacuum  chamber  is,  of  course,  a  boiler. 
TWo  such  units,  of  about  1/4  lb  capacity  each,  were  fabricated  and 
placed  on  the  floor  of  the  vacuum  chamber  as  shown  in  Fig.  20. 

Although  the  gettering  system  worked  well,  the  tests  themselves 
were  disappointing.  The  results,  in  the  form  of  histograms  and  per¬ 
formance  plots, are  presented  in  Figs.  21  through  26.  The  poor  per¬ 
formance  obtained  probably  stems  more  from  the  fact  that  the  thrustor 
used  in  the  tests  was  designed  specifically  for  lithium  than  from  the 
Intrinsic  inferiority  (from  the  standpoint  of  frozen  flow  efficiency) 
of  ammonia  as  a  propellant.  In  view  of  the  Inconclusive  results,  it 
is  perhaps  not  surprising  that  the  relatively  high  performance  achieved 
with  lithium  is  not  easily  duplicated  without  simultaneously  duplicat¬ 
ing  the  thrustor  configuration  which  was  painstakingly  developed  for 
this  purpose. 
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TESTS  WITH  THREE  MAGNETS 

Tests  of  an  accelerator  configuration  using  three  magnets  failed 
to  give  the  increased  performance  which  had  been  theoretically  pre¬ 
dicted.  Our  analysis  had  predicted  that  by  adding  a  third  magnet 
downstream  of  the  two  existing  colls  (Fig.  27),  a  higher  voltage  could 
be  supported,  and  the  currents  would  extend  further  downstream  into 
the  acceleration  cone,  giving  better  efficiency.  Three  tests  were  con¬ 
ducted  using  this  geometry.  Ttoo  of  these  were  tests  using  ammonia  as 
an  expellant  for  which  we  do  not  have  any  other  data  for  comparison. 

The  other  test  (Run  731)  was  with  lithium,  and  the  results  (Figs.  28 
through  33)  show  that  the  voltage  was  not  Increased,  and  that  the 
thrust  and  efficiency  were  about  the  same  as  in  the  two-magnet  config¬ 
uration. 

In  principle,  the  shape  of  the  magnetic  field  produced  by  the 
three  magnet  colls  could  have  contributed  to  the  failure  of  Run  731, 
which  was  an  attempted  life  test.  The  third  coll  not  only  lengthened 
the  field,  but  also  Increased  the  relative  strength  of  the  field  down¬ 
stream  from  the  cathode,  producing  a  greater  mirror  ratio,  which  may 
have  affected  particle  motions.  Also  the  magnetic  field  gradient  near 
the  cathode  was  reversed  (or  made  nearly  zero)  which  would  affect 
cathode  performance.  Since  the  accelerator  ran  for  more  than  three 
hours  before  the  failure  occurred  (when  trying  to  restart  after  a 
momentary  shut-down  to  obtain  a  zero  reading  for  thrust  measurements) , 
it  is  likely  that  the  third  magnet  was  not  the  direct  cause  of  the 
failure.  Accelerator  performance  with  three  magnet  colls  was  similar 
to  that  with  two  except  that  more  power  was  required  to  energize  the 
coils. 

Tests  with  three  coils  (Runs  729  and  730)  using  ammonia  as  an 
expellant  showed  that  the  anode  melted  at  some  spots.  Since  this  did 
not  occur  with  lithium  in  Run  731,  it  is  believed  that  this  melting 
was  due  to  amnonla  and  not  the  magnet  configuration. 
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7. 


LIFE  TESTS 

The  main  effort  over  the  past  several  months  of  this  program  has 
been  that  of  increasing  the  lifetime  of  the  engine.  A  new  feed  system 
(see  Sections  3  and  4)  has  been  developed  specifically  for  this 
purpose.  The  first  test  conducted  with  this  feed  system  was  Run  725. 
Although  it  was  planned  primarily  as  a  checkout  of  the  gas-actuated 
feed  system,  this  run  produced  some  usable  performance  data  (see  Figs. 
34  through  41) . 

Three  tests  have  been  conducted  for  the  specific  purpose  of 
evaluating  the  lifetime  capability  of  the  accelerator  and  feed  system. 
The  first  test  lasted  30  hours,  using  the  engine  configuration 
shown  in  Fig.  42.  Since  the  mass  flow  rate  appeared  somewhat  low  dur¬ 
ing  the  test,  at  the  end  of  30  hours  attempts  were  made  to  increase 
the  lithium  flow  rate.  These  resulted  in  flooding  the  engine  with 
liquid  lithium  and  the  test  was  then  terminated.  The  P/T  values 
obtained  during  this  test  and  the  thermal,  thrust  and  overall  efficien¬ 
cies  are  plotted  versus  I  in  Figs.  43  through  46.  Figure  47  shows 
the  thermal  efficiency  versus  arc  power.  Histograms  of  the  measured 
data  are  presented  in  Figs.  4  through  9.  Several  features  are  worthy 
of  note.  First,  the  performance  level  is  not  very  high  since  a  maxi¬ 
mum  thrust  level  of  only  about  33  grams  was  obtained.  When  this 
engine  had  been  tested  previously  under  similar  conditions,  except 
with  a  higher  mass  flow  rate  (7-8  milligrams/sec  instead  of  6-7),  more 
than  40  grams  of  thrust  had  been  obtained.  Second,  some  periodicity 
in  the  data  can  be  seen.  The  low  mass  flow  rate  and  the  periodicity 
were  found,  after  some  investigations,  to  be  due  to  problems  with  the 
new  feed  system.  Tentatively,  it  was  assumed  that  variation  in  the 
level  of  the  vapor-liquid  Interface  was  occurring,  thus  giving  rise 
to  fluctuations  in  the  lithium  flow  rate.  Also,  it  was  felt  that  the 
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Interface  was  quite  low  in  the  vaporizer  ao  that  viscous  pressure 
drops  through  the  various  gas  passages  could  seriously  reduce  the  mass 
flow  rate  below  what  should  be  obtained  for  a  given  applied  pressure 
at  the  lithium  reservoir. 

Extensive  calibration  tests  were  carried  out  on  the  feed  system 
to  study  the  relation  between  mass  flow  rate  and  applied  pressure.  Some 
calculations  on  the  magnitude  of  viscous  pressure  losses  were  also 
carried  out.  As  indicated  at  the  end  of  Section  3,  this  pressure  drop 
can  be  significant. 

The  engine  configuration  used  in  the  second  endurance  test  Is 
shown  in  Fig.  48.  This  test  was  terminated  after  3-1/2  hours,  when 
arcing  between  the  buffer  and  anode  was  observed.  Performance  plots 
similar  to  those  for  the  30-hour  test  appear  in  Figs.  31  through  33 
and  histograms  of  the  data  are  presented  in  Figs.  28  through  30.  It 
is  felt  that  arcing  to  the  buffer  may  have  been  related  to  the  reversal 
of  the  magnetic  field  gradient  in  the  cathode-buffer  region  due  to  the 
addition  of  the  third  magnet.  Previous  teBts  have  indicated  that  when 
this  occurs,  arcing  to  the  buffer  may  result.  Another  possible  reason 
for  the  arcing  is  that  the  position  of  the  buffer  relative  to  the  anode 
changed  slightly  during  the  test  (a  failure  in  the  support  structure 
was  observed).  The  third  magnet  was  removed  in  subsequent  tests. 

The  third  test  was  originally  scheduled  as  a  63-hour  run.  The 
thrustor  configuration  was  identical  with  that  of  the  previous  test 
(Fig.  48).  Note  the  shortening  of  the  buffer  "nose".  This  was  done 
in  an  unsuccessful  effort  to  decrease  the  power  loss  to  the  buffer. 
After  7  hours  and  44  minutes  of  operation  the  run  was  interrupted  in 
order  to  repair  the  heater  on  the  top  plate  of  the  lithium  reservoir. 
Three  hours  later  the  test  was  resumed,  but  after  another  hour  and  a 
half  of  running,  it  was  necessary  to  shut  down  again,  this  time  because 
of  loss  of  mercury  from  the  pots  to  the  main  reservoir  heater.  After 
a  2  hour  and  42  minute  delay  the  trouble  was  finally  corrected  and  the 
arc  was  turned  on.  Thereafter,  it  ran  very  smoothly  and  with  no 
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electrode  erosion  that  could  be  discerned  with  a  telescope  mounted  out¬ 
side  the  aft  end  of  the  vacuum  chamber.  Consequently,  after  having 
exceeded  65  hours  of  operation  since  the  last  interruption  it  was 
decided  to  allow  the  test  to  continue.  It  was  shut  down  after  100 
hours  of  continuous  operation.  Subsequent  examination  corroborated 
the  telescopic  observations  of  the  remarkably  good  condition  of  the 
electrodes.  Histograms  of  the  measured  data  are  shown  in  Figs.  49 
through  67  and  photographs  of  the  electrode  components  after  the  test 
are  shown  in  Figs.  68  through  71. 
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8.  THEORY  AND  MECHANISMS 


8. I  Introduction 

Attempts  to  obtain  a  complete  theoretical  understanding  of 
the  operation  of  a  plasma  Hall  current  accelerator  have  been  unsuccess¬ 
ful.  Nevertheless,  solutions  have  been  found  for  simplified  portions 
of  the  problem  which  are  useful  in  design  and  optimisation  of 
accelerators. 

The  Hall  current  accelerator  which  is  presently  being  tested 
is  an  axially  symmetric  device,  pith  a  pointed  cathode  along  the 
centerline ,  a  buffer  or  constrictor  through  which  the  cathode  arc  must 
pass,  an  annular  anode,  a  magnet  for  producing  a  magnetic  field,  and 

k  * 

an  expellant  feed  system.  The  expellant  is  ionized  by  the  discharge, 
and  accelerated  along  the  axis  by  electromagnetic  forces.  For  the 
purpose  of  analysis  the  problems  have  been  classified  into  the  follow¬ 
ing  categories: 

1.  Cathode  and  Cathode  Buffer  -  The  pointed,  conical  cathode  has 
a  high  current  density  attachment  at  the  point.  This  mode  of 
operation  appears  possible  only  when  relative  high  pressure 
is  maintained  by  the  buffer  and  gas  feed,  and  it  seems 
desirable  since  losses  are  smaller.  Problems  which  need 
study  are  power  losses  to  these  components,  lifetime  limits, 
and  stability  of  operation. 

2.  Cathode  Jet  -  The  electrons  emitted  by  the  cathode  and  the 
gas  fed  around  the  cathode  emerge  through  the  buffer  con¬ 
striction  as  a  current-carrying  jet  which  proceeds  downstream. 
This  feature  is  readily  apparent  in  experimental  tests  Prob¬ 
lems  are  ionization,  heating,  confining,  rotation,  and  accel¬ 
eration. 


3.  Anode  -  The  circular  anode  with  expellant  fed  through  its 
inner  surface  has  a  diffuse  current  attachment.  The  amount 
of  power  which  appears  in  the  anode  is  dependent  upon  the 
mechanisms  in  the  arc  (anode  sheath)  and  so  for  convenience 
we  have  included  ionization  in  the  anode  sheath  as  an  anode 
problem.  Problems  which  need  study  are  power  loss  and 
ionization  efficiency. 

4.  The  Anode  Sheath  -  The  expellant  introduced  through  the 
anode  is  ionized  and  forms  an  annular  zone  which  carries 
the  ions  and  the  current  axially  downstream  where  it  even¬ 
tually  merges  with  the  cathode  jet.  This  annular  anode 
sheath  does  not  appear  to  be  as  sharply  defined  as  the 
cathode  jet.  The  problems  include  heating,  confining,  rota¬ 
tion  and  acceleration. 

5.  The  Magnetic  Nozzle  -  That  region  of  the  flow  field  which  is 
downstream  of  where  the  jets  meet  and  which  carries  no  axial 
or  radial  currents  but  may  produce  acceleration  by  converting 
internal  and  rotational  energy  into  directed  kinetic  energy, 
is  called  the  magnetic  nozzle. 

G .  Magnetic  Field  -  A  solenoidal  magnetic  field  is  supplied  by 
a  set  of  colls.  Magnetic  field  optimization  is  achieved  as 
a  compromise  between  minimum  power  requirements  for  magnets 
and  good  acceleration  and  voltage  characteristics  of  the 
discharge. 

8.2  Acceleration 

The  analytical  effoit  has  been  directed  toward  the  study  of 
the  mechanisms  for  adding  momentum  and  energy  to  the  plasma  in  a 
plasma  accelerator.  This  analysis  has  used  the  two  jet  model,  which 
was  suggested  by  the  experimental  evidence.  A  cathode  jet  and  anode 
sheath  extend  downstream  from  the  electrodes,  roughly  following  the 
lines  of  the  applied  magnetic  field.  These  two  jets  then  converge  due 
to  diffusion  across  the  applied  magnetic  field.  In  this  section 
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results  will  be  shown  for  (1)  the  study  of  the  Ion  trajectories  in  the 
anode  sheath  In  a  magnetic  field  which  decreases  In  strength  downstream 
from  the  anode,  and  (2)  a  more  detailed  look  at  the  conservation  of 
axial  momentum  in  the  cathode  Jet. 

In  the  volume  of  the  anode  sheath  collisions  are  rare,  so  we 
shall  examine  the  collisionless  trajectories  of  the  ions.  *  vector 
notation  these  equations  are 

•  •  a  _ 

mr  ■  e(E  +  r  x  B)  (27) 


Since  we  have  axial  symmetry  we  use  cylindrical  (r,0,z) 

coordinates.  and  B  come  from  the  vector  potential, 
r  z 


B 


r 


r  It  (rV 


(28) 


E  and  E  come  from  the  scalar  potential. 

IT  Z 

Er  '  ***  *.  ’  -U  <”> 

Eg  is  zero,  and  we  shall  neglect  Bg.  The  three  component  equations 
of  Eq.  27  can  be  written,  and  the  6-component  equation  can  be  inte¬ 
grated  to  give 

mr^  0  +  «rAg  ■  Pg  (30) 

where  Pg  ia  a  constant.  As  was  shown  in  Ref.  4,  Eq.  30  can  be  uaed  to 
eliminate  8  from  the  r  and  z  component  equations  of  Eq.  27  to  give 
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In  Eq.  31,  H  is  Che  pseudo  potential,  and  is  given  by 


H 


<P,  -  «*/ 

2mr 


(32) 


The  total  effective  potential  Hg  for  a  magnetic  field  which  changes 
•lowly  with  z  will  be  examined  and  its  effect  upon  the  ion  motion  will 
be  discussed. 

To  see  how  the  diverging  magnetic  field  affects  the  solution, 
consider  some  models  for  the  potentials  which  are  similar  to  those  in 
the  accelerator.  The  vector  potential 


*9(r,.)  -  SSiU 

gives 

Br(r,z)  ■  -  r  -|j-/z 
Bz(r,z)  -  B(z) 

If  we  take  8  *  0  at  z  ■  o,  r  ■  RA  (the  anode) 
P6  -  R2  B(0)/2 


(33) 


(34) 


(35) 

(36) 


For  the  scalar  potential,  we  know  that  it  is  (applied  voltage)  at 
the  anode,  zero  at  the  cathode,  and  approximately  constant  along  the 
magnetic  field  lines. 

Choose 

-  B(z)  r2/B(0)  R2 


$(r,z) 


(37) 


Combining: 


H 


si  /lRA  B<°>  -  r2  +  „  2 

8|"  \  r2 


B(0)  B(z); 


where  the  dimensionless  parameter  Z  is  given  by 


8m  0 
o 

2  2 

e  R*  B  (0) 


(38) 


(39) 


Roughly  §  is  a  ratio  of  electric  to  magnetic  forces,  and  motions  with 
large  %  are  dominated  by  electric  field  forces  while  small  g  Indicates 
that  magnetic  field  Lorentz  forces  are  dominant.  In  the  accelerator 
§  is  of  order  one. 

Now  look  at  some  contour  lines  of  the  effective  potential 

He(r,z).  Consider  the  case  where  B(z)  is  constant,  and  the  case  where 

B(z)  is  a  decreasing  function.  Such  contour  plots  are  shown  in 

Fig.  72.  As  can  be  seen  the  axial  force  is  zero  in  the  constant  B(z) 

case,  and  positive  when  dB(z)/dz  is  negative.  The  motion  of  the  ion 

2  2  2 

is  confined  between  the  two  lines  where  He  ■  (e  / 8m)  §  B  (0)  and 
the  total  effective  potential  has  a  valley  between  these  two  contours. 
This  can  be  seen  more  clearly  if  we  rewrite  Eq.  38  as 

He  -  5j;  {2  R2  B(0)  [/b2(z)  +  •  B (0)  B(z)  -  B(z)] 

r  ra  b<0)  n - f  1 

+  L  —x - r  7b^(z)  +  g  B(0)  B(z) J  }  (40) 


The  location  of  the  "valley  floor"  can  be  found  by  finding  the  value  of 
r  which  makes  the  second  term  zero,  and  the  "height"  is  given  by  the 
first  term.  The  axial  acceleration  can  be  found  from  d  H#  (rValley**^ 
dz. 
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In  conclusion  a  decreasing  magnetic  field  will  produce 
acceleration,  but  this  acceleration  will  be  greatest  when  B(z)  is  much 
less  than  5  B(o). 

Next  look  at  the  axial  momentum  in  the  cathode  jet.  Use 
quasl-one  dimensional  flow  theory.  The  total  momentum  convected  by 
the  Jet  can  be  found  by  integrating  across  the  jet  and  is  given  by 


mw  +  Ap  ■  Fq  (41) 

TWo  cases  are  easy  to  analyze.  In  a  pure  axial  magnetic  field,  Fq  is 
a  constant,  since  there  are  no  axial  forces.  In  the  case  of  a  flow  in 
a  duct,  the  surface  pressures  cause  Fq  to  change  by  dF^/dz  -  p  dA/dz. 

In  the  cathode  Jet  in  an  expanding  magnetic  field  neither  of  these  is 
correct.  We  evaluate  dFQ/dz  by  the  integral  over  the  cross  section  of 
the  axial  body  force.  In  a  neutral  plasma,  the  only  forces  are  JXB, 
which  are  perpendicular  to  the  lines  of  force.  Thus 


X 


(42) 


Since  there  is  a  negative  Xf  to  overcome  radial  pressure  gradients  and 
centrifugal  forces,  there  will  be  a  momentum  increase. 

Now  determine  how  this  momentum  change  is  distributed  be¬ 
tween  Ap  and  mw.  It  is  conventional  to  introduce  the  Mach  number  such 
that  the  ratio 

mw/Ap  «  YM2  (43) 

Then 

Ap  -  Fq/(1  +  YM2)  (44) 

raw  -  Fq  YH2/(l  +  YM2)  (45) 
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Using  the  continuity  equation, 


m  *  pAw 


(46) 


the  enthalpy  in  internal  and  axial  kinetic  energy  is  related  to  the 
Mach  number  by 


JL  £ 

Y-l  P 


+ 


2 

w 

2 


(47) 


Figure  73  comes  from  eliminating  M  between  Eq.  44  and  Eq.  47.  Here 
we  see  that  if  Fq  is  constant  (uniform  magnetic  field)  increasing  the 
enthalpy  decreases  Ap  in  the  subsonic  region.  If  Fq  increases 
(cathode  Jet  in  diverging  field)  with  no  increase  in  enthalpy,  Ap/FQ 
decreases,  which  means  that  Ap  decreases  also.  Thus  adding  total 
axial  momentum  (Fq)  decreases  pressure  (Ap)  .  Of  course  this  is 
explained  by  an  increase  in  mw.  The  ratio  of  enthalpy  to  the  square 
of  Fq  is  a  monotonic  function  of  Mach  number,  so  that  the  pressure 
(Ap)  may  Increase  or  decrease  depending  upon  the  relative  rates  of 
change  of  enthalpy  and  momentum.  Finally  one  can  observe  that  Ap/FQ 
can  only  change  about  a  factor  of  two,  so  if  great  precision  is  not 
needed,  or  if  derivatives  are  not  needed,  Ap  w  Fq* 

8.3  Ionization 

The  two  types  of  losses  which  are  related  to  ionization  are 
expellant  losses  due  to  Incomplete  ionization  and  power  loss  due  to 
thermal  conduction  to  electrodes  and  radiation.  Volume  ionization 
occurs  in  the  anode  sheath  and  the  cathode  jet  when  electrons  of 
sufficient  energy  collide  with  atoms.  This  ionization  may  occur  to 
any  atoms  which  are  present,  for  example,  background  gas  in  the  test 
facility.  If  the  number  density  of  the  background  is  nearly  as  large 
as  the  number  density  of  supplied  expellant,  the  device  can  entrain 
and  accelerate  enough  ambient  atoms  to  invalidate  the  test  results. 
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The  high  mass  utilization  and  moderate  power  loss  can  be  explained 
in  terms  of  the  electron  energy. 

The  electron  energy  in  the  volume  where  ionization  occurs 

is  regulated  by  the  ionization  process.  This  is  due  to  the  threshold 

in  the  ionization  cross  section  (probability  of  ionization)  at  low 

energy.  The  ionization  cross  section  for  lithium  by  mono-energetic 

atoms  is  zero  for  less  than  5.36  eV,  climbs  rapidly  to  a  peak  of  about 
-20  2 

5  x  10  m  at  10  to  12  eV,  and  falls  off  at  higher  energy.  The 
electrons  in  the  discharge  have  a  distribution  of  energy  (probably 
non-Maxwelllan  due  to  the  strong  applied  magnetic  field  and  low  colli¬ 
sion  rate).  A  large  fraction  of  these  electrons  must  have  energies 
above  the  threshold  values  in  order  to  produce  the  ions.  In  a  typical 
operation,  the  number  of  atoms  to  be  ionized  per  second  is  of  the  same 
order  of  magnitude  as  the  number  of  charged  particles  per  second 
needed  to  carry  the  applied  current  past  a  given  point,  hence  most  of 
the  electrons  must  produce  ions  in  order  to  get  good  mass  utilization. 

We  conclude  that,  because  of  the  rapid  rise  of  ionization 
probability  at  energies  greater  than  the  ionization  energy  threshold, 
the  energy  of  the  electrons  will  be  about  the  same  as  the  ionization 
potential.  Electrons  with  energies  much  larger  than  this  are  not 
required,  and  are  prevented  by  the  heat  sink  effect  of  the  ionization. 

Mass  utilization  will  be  great  if  the  mean  free  path  for 
ionization  of  an  atom  is  small  compared  with  the  path  length  of  the 
atoms  through  the  anode  sheath.  Atoms  are  fed  from  the  inside  of  the 
anode,  and  around  the  cathode.  From  either  location  the  atoms  must 
pass  through  the  discharge  in  order  to  escape  utt-ionized.  The  mean 
free  path  length  is  given  by: 


X 


V  /n  Q 

a  e  ea 


V 

e 


where  V  is  the  thermal  speed,  and  Q  is  the  ionization  cross  section. 

vfl 

Substituting  some  typical  values  (MKSA  units) 
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(5.4  x  10*4) 


(6.2  x  1019)(3  x  10“20)  (1.3  x  10^ 


Since  this  is  much  less  than  the  thickness  of  the  anode  sheath,  the 
chance  of  ionization  is  quite  good.  On  the  other  hand,  the  mean  free 
path  : l  an  electron  before  it  causes  an  ionization  is  1/n  Q  ,  which 
is  several  orders  of  magnitude  larger  than  (of  the  order  of 
centimeters).  The  presence  of  the  magnetic  field, which  can  trap  elec¬ 
trons  in  orbits  whose  guiding  center  motion  is  small  compared  to  the 
electron  motion,  can  make  the  displacement  of  an  electron  much  less 
than  the  length  of  the  helical  path.  Thus  the  physical  parameters  of 
the  problem  are  such  that  high  mass  utilization  is  possible,  with 
electrons  about  as  energetic  as  the  ionization  potential. 

The  anode  power  is  largely  due  to  electrons  convectlng  their 
energy  to  the  surface  and  then  falling  through  the  work  function 
potential  as  they  enter  the  material.  This  means  that  the  anode  power 
(not  taking  into  account  the  regenerative  heat  used  to  vaporize  the 
liquid  expellant)  is  equal  to  the  product  of  the  current  and  the  effec¬ 
tive  potential 

anode  ioniz  wf 

If  we  compare  this  with  the  power  to  ionize 

P.  .  ■  (c  m/m  )  V 

ioniz  a  ioniz 

the  ratio  is 

Panode  m  ma*  /.  ,  ^wf  \ 

Pioniz  c  m  \  Vioniz  / 

The  anode  losses  will  be  the  same  order  of  magnitude  as  the  frozen 
flow  losses  unless  the  current  is  less  than  the  mass  flow  rate 
(converted  to  equivalent  units). 
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Ionization  in  the  cathode  jet  is  like  the  anode  sheath,  in 
that  it  is  the  result  of  volume  ionization  of  any  ambient  gas. 

Because  of  the  higher  number  density  of  particles  in  the  cathode  jet, 
the  electrons  are  more  thermalized  than  in  the  anode  sheath.  This 
produces  a  few  electrons  at  very  high  energy,  which  is  the  reason  for 
the  presence  of  the  observed  green  radiation  from  the  lithium  ions. 
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Figure  5  Histograa  of  Power  Distribution  for  Run  727  (continued) 


gure  6  Histogram  of  Efficiencies  and  P/T  for  Run  727 
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5.  CONDENSATION  DOES  NOT  OCCUR. 


Figure  11  Geometry  and  Assumptions  for  Choked  Flow  Analysis 
Ulth  Friction  and  Heating 
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Figure  16  Anode-Vaporizer  No.  5A 
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